To evaluate the effectiveness of bovine hemoglobin on pancreatic microcirculation and outcome in experimental acute rodent pancreatitis. Summary Background Data: Stasis of the pancreatic microcirculation initiates and aggravates acute pancreatitis. Hydroxyethylstarch (HES) has been shown to improve pancreatic microcirculation. Similarly, bovine hemoglobin might improve rheology due to its colloid effect, but additionally supplies oxygen to oxygen depleted pancreatic tissue. Methods: In Wistar rats, severe acute pancreatitis was induced by administration of glucodeoxycholic acid i.d. and cerulein i.v. Pancreatic microcirculation was continuously monitored by fluorescence microscopy. Fifteen minutes after the initiation of acute pancreatitis, animals received either 0.8 mL bovine hemoglobin (Oxyglobin), HES, or 2.4 mL 0.9% NaCl i.v. at random. After 6 hours, animals were killed and histopathological damage of the pancreas was assessed using a validated histology score (0 -16). Results: In comparison to controls, pancreatic microcirculation improved significantly in the HBOC group (mean difference of capillary density 31.4%; standard error 5.6%; P Ͻ 0.001; 95% confidence interval for difference 17.5-45.3). HES was not as effective as HBOC substitution. The histology score revealed less tissue damage in the HBOC group [6.25 vs. 9.25 (3-8.5 vs. 8 -10.75, P Ͻ 0.001)] in comparison to controls and also in comparison to the HES group [6.25 vs. 8 (3-8.5 vs. 6.5-10.25, P Ͻ 0.006)]. Conclusions: In severe acute pancreatitis, single i.v. injection of bovine hemoglobin improves pancreatic microcirculation and reduces tissue damage. (Ann Surg 2003;238: 765-771) From the FIGURE 2. Leukocyte adherence over time. 1 ϭ before initiation of acute pancreatitis; 2-7 ϭ 1-6 hours after the initiation of acute pancreatitis. Values are mean Ϯ SD.
A cute pancreatitis is still an important medical and surgical problem when it progresses from the self-limiting mild edematous to the more severe hemorrhagic necrotizing form. Mortality may be as high as 40% if severe necrotizing injury is involved. 1 Microcirculatory dysfunction of the pancreas is a consequence of released proinflammatory cytokines, vasoactive mediators attracting leukocytes and activating vascular endothelium. Free oxygen radicals and the expression of adhesion molecules lead to stasis in small vessels. 2 Disturbed microcirculation is a crucial effect in the cascade from self-limiting disease (preserved microcirculation-mild edematous pancreatitis) to progression to the often fatal form of acute hemorrhagic-necrotizing pancreatitis. 3 Once the initiation of acute pancreatitis has begun, preservation or improvement of pancreatic microcirculation could possibly prevent further progression, tissue necrosis, and complications, 4,5 thus leading to lower morbidity and mortality.
The preservation of pancreatic microcirculation in acute pancreatitis has been achieved by improving rheology using colloids. 5, 6 Purified bovine hemoglobin as a hemoglobin-based oxygen carrier (HBOC) is a safe blood substitute and improves poststenotic cardiac and skeletal muscular oxygenation. [7] [8] [9] In contrast to other colloid fluids, it has an additional effect as a noncorpuscular cell-free oxygen carrier. Moreover, the favorable oxygen binding curve of HBOC with low oxygen affinity provides facilitated oxygen release to oxygendeprived tissues. This therapeutic effect may well be beneficial in a disease that is characterized by critical perfusion states, and in the severe form by decreased hemoglobin oxygen saturation in the pancreas. 3 The aim of the study was to evaluate the effect of bovine hemoglobin on pancreatic microcirculation in rats suffering from acute pancreatitis.
MATERIALS AND METHODS
This study had been approved by the Ethical Committee of the Hamburg Federal Board of Veterinary Medicine and Animal Care. Female Wistar rats with a body weight of 200 to 230 g were fasted overnight but had free access to water containing 20% glucose. Two sets of experiments were performed.
Experimental Protocol
Sixty animals were randomly allocated to 6 groups (groups I-VI; n ϭ 10). Ringer's Lactate was infused (8 mL/kg per hour) for fluid resuscitation keeping central venous pressure between 4 and 6 mm Hg, and heart rate as well as mean arterial pressure within 10% of baseline values throughout the experiment. In addition, inspiratory air was enriched with oxygen (500 mL/min), ensuring stable peripheral arterial oxygen saturation (aSO 2 ) Ͼ95% measured by a pulsoximetry device (Datex AS/3 monitoring system, Hoyer, Bremen, Germany) clamped to the animals' right upper paw. Animals that did not fulfill these criteria were excluded from the study.
Animals allocated to groups I to III were subjected to severe acute pancreatitis using a standardized model (see below), whereas animals in groups IV to VI served as controls.
Operative Procedure
The animals were anesthetized with intraperitoneal injection of pentobarbital (40 mg/kg body weight) and ketamine (10 mg/kg body weight) allowing spontaneous breathing. Rectal temperature was maintained at 37°C throughout the operation and the entire experiment by placing rats on a heating pad. A tracheostomy was performed to ensure a free airway. The left carotid artery and the left internal jugular vein were cannulated using soft plastic tubing (Cavafix, G20, B. Melsungen, Germany). Mean arterial pressure, heart rate, and central venous pressure, as well as aSO 2 were measured continuously (Datex AS/3 monitoring system, Hoyer, Bremen, Germany).
Induction of Acute Pancreatitis
In animals subjected to acute pancreatitis, a midline laparotomy was performed and the duodenal loop was mobilized. The pancreatic duct was cannulated transduodenally via the papilla of Vater with plastic tubing (3 cm long, outer diameter of 0.8 mm, volume Ͻ0.01 mL). The tip of the tube was inserted 2 mm into the common biliary-pancreatic duct. The common bile duct was ligated close to the liver. Head and the body of the pancreas were placed on a plastic stage and the duodenal loop fixed on the stage with tissue glue (Histoacryl, B. Melsungen, Germany). The pancreas was covered by a polyethylene film (Flexithen, Plastica, Renningen, Germany). After surgery, 15 minutes were allowed to reach a steady state. Acute pancreatitis was induced by the combination of intravenous cerulein infusion (5 g/kg per hour; Takus, Pharmacia, Erlangen, Germany) at a rate of 1 mL/hour over 6 hours and intraductal (i.d.) infusion of glucodeoxycholic acid (GDOC: 10 mmol/L; 1.0 mL/kg for 300 seconds; infusion pressure 25 to 30 mm Hg). 2, 3, 10 
Test Substances
Bovine hemoglobin glutamer-200 (Oxyglobin) was purchased from Biopure (Cambridge, MA). It is a hemoglobin-based oxygen carrier with a half-life of 30 to 40 hours. It contains 13 g/dL polymerized hemoglobin in a modified lactated Ringer's solution including NaCl 113 mmol/L, KCl 4 mmol/L, CaCl-2H 2 O 1.4 mmol/L, NaOh 10 mmol/L, sodium lactate 27 mmol/L, N-acetyl-L-cysteine 200 mg/dL, and sterile water for injection 100 g/dL. The osmolality is 300 mOsm/kg and pH is 7.8. It has a distribution of hemoglobin as unstabilized tetramers. Approximately 50% of the polymers have a molecular weight between 65,000 and 130,000 Dalton (D), and no more than 10% have a molecular weight Ͼ 500.000 D.
Animals in groups II and V received 6% hydroxyethyl starch (HES) 70000/0.5 (Osmolality: 310 mOsm/kg) (Hemohes, B. Melsungen, Germany).
Blood Samples
Fifteen minutes after the initiation of acute pancreatitis, 0.8 mL of central venous blood was drawn for measurement of blood gases (ABL 725, Radiometer, Copenhagen, Denmark) and free hemoglobin concentration (ABL 725, Radiometer, Copenhagen, Denmark).
At the end of the observation period, all remaining blood was drawn from the vena cava by puncture. Again, a complete blood gas analysis, and trypsinogen-activating peptide (TAP) levels were measured.
TAP Measurements
TAP specifically reflects the conversion of trypsinogen to trypsin. Blood samples for the measurement of TAP concentrations were collected in EDTA tubes. After centrifugation of samples (500g, 10 minutes, 4°C), the supernatant was stored at -80°C until assay. TAP concentrations were measured in a blinded fashion by an ELISA (Biotrin TAP EIA, catalog no. BIO75TAP, Dublin, Ireland). TAP concentrations in serum are expressed as nanomoles per liter.
Intervention
Fifteen minutes after the initiation of acute pancreatitis, animals in groups I were given 0.8 mL of bovine hemoglobin, animals in group II received 0.8 mL of HES, while animals in group III received 2.4 mL of normal saline (0.9% NaCl) to ensure normovolemic substitution compared with groups I and II. 11 Blood was drawn and test substances were given by a different researcher than the one observing pancreatic microcirculation to best ensure a blinded setup. All other variables were measured by a blinded observer.
Controls
Animals in groups IV to VI served as controls. Operative procedures and application of test substances (group IV, bovine hemoglobin; group V, HES; group VI, NaCl) were performed accordingly, but no pancreatitis was initiated. All control animals received normal saline i.d. and i.v. [according to the initiation of acute pancreatitis (GDOC i.d. and cerulein i.v.)]. Blood samples were drawn in the same fashion as in the interventional groups (s.a.).
Target Parameters Intravital Microscopy
Intravital microscopy was performed with an epiluminescent microscope (Olympus BH-12, Olympus, Japan). The light of the mercury vapor lamp passed through a filter set (excitation filter 450 -490 nm, dichroic mirror 510 nm, barrier filter 515 nm). Fluotar objectives 10/0.45 and 20/0.6 were used, which resulted in a final magnification on the video monitor of ϫ365 and ϫ692. Acridine orange (1%, 1.2 mL/kg body weight, injection within 30 seconds; Sigma Chemicals, St. Louis, MO) was injected intravenously labeling leukocytes. The experiments were recorded on videotape with an attached video line (camera: AV-1001, AVT, Germany; monitor: TC-1100 SDN, and recorder: NV-180, Panasonic, Japan).
Each pancreas was subjected to a thorough examination. Impaired flow or intrapancreatic hemorrhage at baseline examination led to exclusion of the animal from further evaluation. The head of the pancreas was defined to be the region of interest. One arterial, 1 venular, and 3 capillary sites were studied at each time of examination (-15, Ϯ0, ϩ60, ϩ120, ϩ180, ϩ240, ϩ300, ϩ360 minutes; where 0 minutes is defined as the intraductal injection of GDOC or start of intravenous cerulein infusion). Six hours after induction of pancreatitis, all animal were killed.
Functional Capillary Density
The number of perfused capillaries per observation site was counted and related to the total number of capillaries. 12 This measurement was assessed using a screen-analysis software (KS 300, Kontron, Eching Germany), which was calibrated with an objective scale for length measurement at the beginning of the analysis. Over the observed pancreatic lobule, a virtual net of 4 lines (2 horizontal and 2 vertical) of defined length was set. The crossings between lines and total numbers of capillaries and perfused capillaries were counted. The relation between crossings of total capillaries and perfused capillaries was defined as the functional capillary density.
Leukocyte Adherence
A leukocyte was considered adherent to the postcapillary venular endothelial wall of the interlobular venules if it did not move for at least 30 seconds. Leukocyte adherence was expressed as the area of adherent leukocytes in a percentage of the vein cross section. 4
Histopathologic Scoring
The specimens were fixed in neutral phosphate buffered 3.5% formalin, routinely processed, and paraffin embedded. Two 5-m slices were taken from each specimen. The slices were stained with hematoxylin and eosin. The slides were examined in a blinded fashion using light microscopy. The histopathologic findings were scored as previously described quantifying acinar necrosis, fat necrosis and hemorrhage, leukocyte infiltration, and edema. 10
Free Oxygen Radicals
Glutathione is oxidated by free oxygen radicals and serves as a radical scavenger. The level of reduced glutathione (␥ glutamylcysteinglycine) is low in the presence of free oxygen radicals, indicating scavenger action.
Pancreatic tissue was immediately harvested and frozen in liquid nitrogen. It was stored at -80°C until further analysis. Before analysis, pancreatic tissue was homogenized, mixed with chromogenetic reactor, and incubated for 10 minutes with 30% NaOH in a 25°C waterbath. Extinction was measured using Glutathione Assay Kit (Calbiochem, San Diego, CA).
Statistical Analysis
Analysis was performed using SPSS for windows 11.0 (SPSS Inc., Chicago, IL). Descriptive analysis of parametric data is expressed as means Ϯ standard deviation (SD). Ordinal data are expressed as medians and range. Normal distribution of data was tested with the Kolmogorov-Smirnov test. Group differences were tested by Kruskal-Wallis test. Statistical significance was evaluated using Mann-Whitney-U test for non-normally distributed data and unpaired Student's t test for normally distributed data. For repeated measurements, time point 1 was excluded, and group differences were tested performing a repeated-measures analysis of variance. If group effects were found and no group interactions were detected (time by treatment interaction test), pairwise post hoc (Tukey-HSD) test was used to describe differences with standard error (SE) and 95% confidence interval of difference (CI). The level of significance was set to P Ͻ 0.05. If no group effect was found while group interactions were positive, unpaired Student's t test was used to describe intergroup differences at different time points, but no level of significance was set.
RESULTS
After having performed at least 50 operations (ie, catheter placement, laparotomy, and preparation for the initiation of acute pancreatitis), researchers were allowed to participate in the experimental setting. Only three researchers Annals of Surgery • Volume 238, Number 5, November 2003 HBOC for Acute Pancreatitis did the initial instrumentation (T.S., O.M., H.K.). In this series, five animals had to be excluded from evaluation before initiation of acute pancreatitis because of low blood pressure paralleled by low central venous pressure and a result of insufficient volume treatment. In addition, three animals had to be excluded because of intrapancreatic hemorrhage at baseline.
Control Group
In animals subjected to i.d. and i.v. injection of normal saline (control groups IV-VI), heart rate, mean arterial pressure, SaO 2 , functional capillary density, leukocyte adherence, and histopathologic scores did not differ between animals that received bovine hemoglobin, HES, or saline i.v. Acute pancreatitis was not induced by pure manipulation according to histologic observation.
Amylase and TAP levels were not elevated after 6 hours. The light from the microscope and administration of the fluorescent tracer in sham-operated animals induced a maximal leukocyte adherence of Ͻ12% of the venous cross section.
Interventional Group
In group I (bovine hemoglobin), two animals died in the course of the observation period (t ϭ 210 minutes, 240 minutes) and were excluded from the final evaluation. In group II (HES), three animals died (200 minutes, 240 minutes, 280 minutes), and four animals did not survive the observational period in group III (NaCl) (t ϭ 130 minutes, 180 minutes, 210 minutes, 210 minutes). All animals that died during the observation period were excluded from final calculation. Additional animals were randomized and operated to have n ϭ 10 animals in each group that completed the observation period.
Functional Capillary Density
In the analysis of variance for repeated measurement, there was a group effect (P Ͻ 0.001) and no time by treatment interaction (P ϭ 0.214). Pancreatic microcirculation was significantly improved by the administration of bovine hemoglobin in comparison to normal saline. In comparison with group III, functional capillary density was significantly higher in group I over the observational period (31.4%; SE 5.6; P Ͻ 0.001; CI 17.5-45.3) ( Fig. 1 ).
This beneficial effect was observed to a lesser extent after HES treatment. The difference was significant over the observational period (18.8; SE 5.8; P ϭ 0.008; CI 4.5-33.1) ( Fig. 1) .
Over the 6 hours period, the difference in functional capillary density between HBOC-and HES-treated animals was 12.6 (SE 5.8; P ϭ 0.092; CI Ϫ1. 7, 26, 9) . 
Leukocyte Adherence
No group difference was detected in the difference over time regarding leukocyte adherence between the three groups (P ϭ 0.068), but a time by treatment interaction was detected (Ͻ0.001). Looking at the data it is obvious that a difference is potentially to be detected fairly late after the initiation of acute pancreatitis (Fig. 2) .
At the end of the observational period, leukocyte adherence was lower in group I compared with group III (27%, SD 14% vs. 54%, SD 19%; P ϭ 0.002). In group II, leukocyte adherence was lower in comparison to group III 6 hours after the initiation of acute pancreatitis (39%, SD 11% vs. 54%, SD 19%; P ϭ 0.035).
Histology
The histology score revealed significant less tissue damage in group I versus III [6.25 vs. 9.25 (3-8.5 vs. 8 -10.75); P Ͻ 0.001], which was reflected in all subgroups except for leukocyte infiltration.
In group II, histology score improved only regarding fat necrosis, hemorrhage [1.75 vs. 2.75 (range, 1.5-2.75 vs. 2.25-3.5); P ϭ 0.001], and total score [8 vs. 9.25 (range, 6.5-10.25 vs. 8 -10.75); P ϭ 0.015] when compared with group III.
Significantly less tissue damage was found in the HBOC group in comparison to the HES group [histology score 6.25 vs. 8 (range, 3-8.25 vs. 6.5-10.25); P ϭ 0.006]. This was also reflected by significantly less edema in the HBOC group [1.25 vs. 2 (range 0.5-1.75 vs. 1.75-3); P Ͻ 0.001] ( Table 1) .
TAP
TAP level in the HBOC group was lower compared with the NaCl group [11.3 nmol/L (SD 5.3 nmol/L) vs. 23.3 nmol/L (SD 8 nmol/L); P ϭ 0.001].
There were no differences regarding TAP [15.1 nmol/L (SD 9.9 nmol/L) vs. 23.3 nmol/L (SD 8 nmol/L)] levels between groups II and III and no difference between groups I and II [11.3 nmol/L (SD 5.3 nmol/L) vs. 15.1 nmol/L (SD 9.9 nmol/L)].
Hematocrit levels did not vary significantly between any of the groups ( Table 2 ). In the control groups, glutathione in the pancreatic tissue was as follows: group IV, 12.2 mol (SD 7.05 mol); group V, 6.98 mol (SD 7.05 mol); and group VI, 9.52 mol (SD 7.72 mol) (not significant). Glutathione was low in all three treatment groups indicating free oxygen radicals in the pancreatic tissue during acute pancreatitis (group I, 5 mol (SD 3.39 mol); group II, 3.41 mol (SD 1.32 mol); and group III, 6.12 mol (SD 2.55 mol) (not significant).
DISCUSSION
In severe acute experimental pancreatitis, bovine hemoglobin effectively improved pancreatic microcirculation and diminished histologic damage of the pancreas in this study. This novel approach consequently deserves further study to potentially mitigate the devastating course of acute severe clinical pancreatitis.
A multitude of initiating factors can induce acute pancreatitis. Nonetheless, a common pathway including a cascade of cytokine activation 13 and free oxygen radicals 14 results not only in a systemic inflammatory response syndrome, but also pancreatic microcirculatory dysfunction. 3, 15 Consequently, a very promising approach is the effort to improve microcirculation irrespective of the underlying initiating factor. The main advantage of this strategy is that acute pancreatitis can be prevented irrespective of the initiating factor. Since patients usually present late after onset, apart from removing the initiating factor (eg, an impacted gallstone), prevention of lasting microcirculatory impairment will have a disease-limiting impact in the majority patients.
Previous studies were able to improve pancreatic microcirculation using colloids, dextran, and small volume resuscitation in acute experimental pancreatitis. 5,16 -20 A novel idea in the prevention of severe acute pancreatitis is the use of plasmatic oxygen carriers. 21 In the quoted study, hemorrhagic shock was induced in rats and the animals were resuscitated with HES, whole blood, or a hemoglobin-based oxygen carrier (diaspirin-cross-linked hemoglobin). A significant improvement in pancreatic microcirculation was observed in the diaspirin-crosslinked hemoglobin group despite its vasoconstrictive properties, as well as in the group of animals that received whole blood. 21 A model of hemorrhagic shock is, however, of little relevance to the clinical setting of acute pancreatitis since macrocirculation is impaired.
This study, for the first time, assesses the effects of a plasmatic oxygen carrier in acute experimental pancreatitis. We chose a model of severe acute pancreatitis to closely mimic the clinical setting. The animals were severely ill with a mortality despite treatment of 30% (20% in group I, 30% in group II, 40% in group III) within the observational period. Bovine hemoglobin was chosen because it significantly improves poststenotic tissue oxygenation (skeletal and heart muscle). 7, 9 In addition, it has a positive effect on the splanchnic blood supply in hemodiluted animals and animals in cardiac shock. 22, 23 The most pronounced effect of HBOC was seen in the improvement of functional capillary density when compared with the NaCl group and less pronounced in the difference between HES-and NaCl-treated animals.
The true difference found in functional capillary density was estimated to be 17.5% to 45.3% between HBOC-and NaCl-treated animals and therefore most likely of clinical significance, since a minimum of 20% of intact and functioning capillaries can add enormously to tissue microcirculation. This is even more so as 5/10 HBOC-treated animals reached almost normal values (Ϯ10%) after 6 hours when compared with sham-operated animals, while none reached normal values in the HES and NaCl groups, respectively. This potential clinical significance is reflected by the difference observed in histology score, where HBOC-treated animals showed a reduction of approximately 30% of histologic damage when compared with the NaCl group. The difference regarding functional capillary density between HES-and NaCl-treated animals is significant, but whether it is of clinical relevance is at least debatable. The detected true difference is 4.5% to 33.1%. An estimated minimal difference of 5% is well within normal range, meaning that even if the difference were significant, it might not have a clinical impact. The beneficial effect of HBOC can probably be explained by the colloid properties of bovine hemoglobin. But it is remarkable that this effect was still present despite the well-known vasoconstrictor effect of bovine hemoglobin. 23, 24 Oxyhemoglobin binds to NO, which leads to a decreased concentration of free NO, which in return is associated with an increased vascular tone of the larger vessels. 24 It can be hypothesized that the oxygenation properties of HBOC are sufficient enough to overcome this vasoconstrictor effect.
HBOC is a noncorpuscular oxygen carrier with a low oxygen affinity dissociation curve that is shifted to the right (p 50 36 mm Hg) as opposed to cellular human hemoglobin (P 50 26 mm Hg). It may reach areas currently not perfused by erythrocytes and easily release oxygen to the damaged cells. In addition, bovine hemoglobin exerts a pronounced Haldane and Bohr effect that enhances oxygen release in acidotic tissue. 24 Furthermore, oxygen release from HBOC is facilitated by the independent regulation of O 2 affinity in contrast to regular hemoglobin. In HBOC, chloride ions substitute for 2,3-diphosphoglycerate. These are readily available in plasma to enhance oxygen release from bovine hemoglobin. We speculate that improved tissue oxygenation, due to the effects outlined above, is the reason for less tissue damage found in the HBOC group. Microcirculation was improved to a certain degree in the HES group, also. In parallel, this led only to partial improvement in the histology score.
TAP, indicating a more severe form of acute experimental pancreatitis, 25 was also significantly lower in the bovine hemoglobin group, whereas this difference was not statistically significant between HES-and NaCl-treated animals. In the past, patients with pancreatic disease were excluded from clinical trials testing HBOC because of a reported increase in serum amylase levels after HBOC infusion. 8 According to our results, this precaution should be reevaluated in the future.
In summary, this first report on the application of HBOC in acute experimental pancreatitis proves the beneficial effect of combining improved mechanical microcirculation with improved oxygen delivery. This complementary strategy will deserve further analysis to assess its potential in clinical pancreatitis.
